Background/Aims: Y+LAT1 protein, encoded by the SLC7A7 gene (a member of the SLC7 family), forms the cationic amino acid transport system y+L (system y+L). This system transports cationic amino acids such as arginine and lysine out of the cell. Arginine, in particular, is critical for T-cell activation and function in the immune response. Methods: We analyzed the role of the SLC7A7 gene in the cellular activities of Jurkat cells, specifically the cell cycle and cell proliferation, apoptosis, migration, and invasion. Cell proliferation was assessed using the Cell Counting Kit-8. Apoptosis and the cell cycle were determined with a FACSCalibur flow cytometer. A Transwell chamber was used to measure cell invasion and migration. Results: The proliferative ability of Jurkat cells was not significantly altered by transfection with SLC7A7 overexpression vectors. However, SLC7A7 overexpression significantly decreased the percentage of apoptotic Jurkat cells (P = 0.007) but significantly increased the proportion of G1 phase cells (P = 0.029) and cell migration (P < 0.001) and invasion (P < 0.001). Knockdown of SLC7A7 increased the cell apoptosis rate (P = 0.006) but decreased the G1 phase ratio (P = 0.002) and cell migration (P < 0.001) and invasion (P < 0.001). Conclusions: SLC7A7 plays a significant role in the pathogenesis of T-cell acute lymphoblastic leukemia.
Introduction
Acute lymphoblastic leukemia (ALL) accounts for 25% of malignant tumors in children and is the most common childhood tumor [1] [2] [3] . Many factors contribute to its development [4] [5] [6] , including abnormal gene expression, the high energy consumption of tumor cells, and, most importantly, the high expression of cell membrane transporters, which can affect tumor cell growth [7] .
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Amino acid transporters can be divided into two families: SLC3 and SLC7. The SLC7A7 (a member of the SLC7 family) gene encodes y + LAT1 protein, which is combined with the 4F2hc protein encoded by SLC3A2 to form the cationic amino acid transport system y + L (system y + L) [8, 9] . This transport system exports cationic amino acids such as arginine and lysine out of the cell while importing a large neutral amino acid and a Na + ion into the cell [10] [11] [12] . The role of SLC7A7 in lysinuric protein intolerance has been extensively studied [8] [9] [10] [11] [12] . In addition, mutations in SLC7A7 causing cation transporter dysfunction are associated with a variety of clinical symptoms, such as high blood ammonia, renal dysfunction, gastrointestinal symptoms and abnormal hematopoiesis, growth retardation, osteoporosis, and pulmonary symptoms [13] . High expression of SLC7A7 is related to the prognosis of malignant glioma [14] and multiple myeloma [15] and drug resistance in ovarian cancer [16] . Moreover, the high expression of SLC7A7 is also associated with the radiotherapy sensitivity of lung cancer [17] . Barilli et al. found an increase in the mRNA expression of the SLC7A7 gene in human monocytes during the differentiation process of macrophages [18] . However, because the importance of SLC7A7 remains unknown in acute lymphocytic leukemia, we aimed to shed some light on the role of SLC7A7 in the pathogenesis, drug resistance, and prognosis of T-cell acute lymphocytic leukemia.
Materials and Methods

Clinical samples
This study was approved by the Ethics Committee of the Children's Hospital of Nanjing Medical University, and all participants' guardians provided signed informed consent for participation. Bone marrow samples were obtained from 17 T-ALL children and 19 children with immune thrombocytopenia at the initial diagnosis. The cases and controls ranged in age from 1 to 18 years old. All cases and controls were recruited from the Children's Hospital of Nanjing Medical University in an ongoing study starting in October 2015. All cases were diagnosed by morphology, immunology, cytogenetics, and molecular biology (MICM). Controls were recruited from the same geographical area, were age-, sex-, and frequency-matched to the cases, and were diagnosed with immune thrombocytopenia.
Cells
Jurkat cells (derived from a 14-year-old T-cell lymphoblastic leukemia patient) were obtained from the Chinese Center for Type Cultures Collections (CCTCC, China). The Jurkat T lymphocytes were cultured in 37°C with 5% CO 2 in a humidified incubator and maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Reagents
Lentivirus expressing short hairpin RNA (shRNA) targeting the SLC7A7 gene sequence and a negative control were purchased from GenePharma Co., Ltd. (Shanghai, China). Lentivirus expressing SLC7A7 and a negative control were purchased from Shanghai Hanheng Co., Ltd. (Shanghai, China). The SLC7A7 antibody was from Novus Biologicals (Abnova, Taipei, Taiwan). The β-actin antibody was from Santa Cruz Biotechnology, Inc. (Dallas, TX). Cell proliferation was measured using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). A cell cycle detection kit (Keygen Biotech, Nanjing, China) was used to analyze the cell cycle. The apoptosis assay was performed using a PE Annexin V Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ). Transwell chamber slides were purchased from Merck Millipore (Burlington, MA). 
Transfection
When the Jurkat cells reached 50% confluence, they were transfected with lentiviral vector or negative control virus (MOI = 100), and cultured at 37°C and 5% CO 2 . The clone transfected with Lv-shSLC7A7 was Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry defined as the Lv-shSLC7A7 group, and cells transfected with negative control vectors were named the negative control group (NC). The clone transfected with Lv-SLC7A7 was defined as the Lv-SLC7A7 group, and cells transfected with negative control vectors were used as the control group (C). After transfection, puromycin was used to select cells for 2 weeks. The ability of the Lv-shRNA-SLC7A7 vectors to knockdown SLC7A7 and that of Lv-SLC7A7 vectors to overexpress SLC7A7 were investigated using quantitative realtime PCR (qRT-PCR) and western blotting.
qRT-PCR
Total RNA was prepared from cell lines using TRIzol reagent (Takara Biotechnologies (Dalian) Co., Ltd., Dalian, China) according to the manufacturer's protocol. For reverse transcription, double-stranded cDNA was synthesized from 500 ng of total RNA using PrimeScript TM RT Master Mix (Takara Bio Inc.). qRT-PCR was performed with SYBR Green PCR Master Mix. The primer sequences were as follows (5'-3'): SLC7A7 forward, CTCACTGCTTAACGGCGTGT; SLC7A7 reverse, CCAGTTCCGCATAACAAAGG; β-actin forward, 5′-TCACCCACACTGTGCCCATCTACGA-3′; β-actin reverse, 5′-CAGCGGAACCGCTCATTGCCAATGG-3′. The relative expression was calculated by the 2-ΔΔCt method.
Western blotting
Cells exposed to different treatments were collected. The cell lysate was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and proteins were transferred to polyvinylidene fluoride membrane (Millipore). The membrane was blocked with 5% non-fat milk and then incubated with the primary antibodies overnight at 4°C at a dilution of 1:1, 000. After being rinsed, the membranes were incubated for 1 h at room temperature with secondary antibodies at a dilution of 1:1, 000. The membrane was then washed with TBST. Finally, immunoreactive protein bands were detected by the Molecular Imager ChemiDoc XRS+ System (Bio-Rad, Hercules, CA).
Cell proliferation
Jurkat cells exposed to different treatments were seeded in 96-well plates and cultured for 0, 24, 48, or 72 h. Cell viability was assessed using the Cell Counting Kit-8. CCK-8 solution (10 μL) was added to each well. After 2 h, the optical density (OD) value of each well was recorded at a wavelength of 450 nm. Cell viabilities with different treatments were calculated.
Cell cycle assay Cells exposed to different treatments were fixed overnight with 75% cold ethanol. After being washed twice with PBS, the cells were stained with propidium iodide and RNase A according to the manufacturer's protocol. The DNA content of the cells was determined with a FACSCalibur flow cytometer (BectonDickinson, Sparks, MD). After being stained, the cells were kept in the dark until analysis.
Cell apoptosis assay Cells exposed to different treatments were washed with PBS and stained with PE and 7-AAD for 15 min according to the manufacturer's protocol. After the staining, the cells were analyzed within 1 h. Apoptotic cells were detected by a FACSCalibur flow cytometer (Becton-Dickinson).
Cell migration and invasion
A Transwell chamber was used to measure cell invasion and migration. The day before the assay, fibronectin was placed on the bottom of the upper chamber. For the determination of Jurkat T-ALL cell migration, Transwell chambers were placed into 24-well plates; for the determination of Jurkat T-ALL cell invasion, 24-well plates were coated with 100 μL Matrigel (Invitrogen, Shanghai, China) and then incubated at 37°C for 2 h. In Transwell assays, Jurkat cells were seeded in upper chambers at a density of 2 × 10 5 cells/ well after treatment and were again suspended in RPMI 1640 medium. At the same time, 600 μL of 10% FBS-1640 was added to the lower chamber. After 24 h, migrated or invading Jurkat cells were fixed in 100% methanol for 30 min. Cotton swabs were then used to remove non-migrated or non-invading Jurkat cells. Next, cells on the bottom surface of the membrane were stained with crystal violet for 20 min. The numbers of migrated or invading cells were counted in five random fields under 200× magnification on an Olympus BX51 microscope (Olympus, Tokyo, Japan). Each experiment was independently repeated three times.
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Arginine quantification
The supernatants of transfected cells were collected (via centrifugation at 1000 × g for 20 min). We added 50 µL/well of each standard solution and cell samples to the plate. Then, 100 µL/well of HRPConjugate Reagent was added to the plate. The plate was sealed with a plate sealer and incubated at 37°C for 1 h. The solution was discarded from the detection plate and the wells were briefly washed five times with 350 µL wash buffer/well. Chromogen Solution A and Chromogen B were added to each well and the plate was incubated at 37°C for 15 min. The color development was stopped by the addition of 50 µL of Stop Solution to each well, which changes the blue color to yellow. Absorbance was read at 450 nm on a plate reader.
Statistical analysis
All data represent at least three independent experiments and are expressed as the mean ± standard deviation. A Student's t-test or one-way analysis of variance test was used to compare differences between groups. Statistical analyses were carried out using Statistics Analysis System software (version 9.2; SAS Institute, Cary, NC). P < 0.05 was considered statistically significant.
Results
Expression of SLC7A7 in the bone marrow samples of children qRT-PCR was used to detect SLC7A7 expression in bone marrow samples. Compared with bone marrow samples from controls, the expression of SLC7A7 was higher in the bone marrow samples of children with T-ALL (P = 0.0221; Fig. 1 ), indicating a potential role for SLC7A7 in T-ALL development.
Effects of SLC7A7 on Jurkat cell proliferation and apoptosis and the cell cycle
Compared with the control group, the expression of SLC7A7 was downregulated in the Lv-shSLC7A7 group (P = 0.002) and upregulated in the Lv-SLC7A7 group (P = 0.002; Fig. 2 ).
As shown in Fig. 3 , the proliferative ability of Jurkat cells transfected with Lv-shSLC7A7 was not different from that of cells transfected with sh-NC (P = 0.119 for 0 h, P = 0.127 for 24 h, P = 0.199 for 48 h, P = 0.094 for 72 h). In addition, the proliferative ability of Lv-SLC7A7-transfected cells was not different from that of control cells (P = 0.523 for 0 h, P = 0.789 for 24 h, P = 0.297 for 48 h, P = 0.072 for 72 h). Thus, SLC7A7 may not have a clear effect on Jurkat cell proliferation. Compared with sh-NC-transfected cells, the cell apoptosis rate was significantly increased in cells transfected with Lv-shSLC7A7 vector (P = 0.007; Fig.  4B ) but decreased in cells transfected with Lv-SLC7A7 vector (P = 0.006; Fig. 4D ). Thus, we can conclude that SLC7A7 silencing induces cell apoptosis.
Compared with sh-NC-transfected cells, SLC7A7 knockdown dramatically decreased G1 phase cell numbers (P = 0.002; Fig. 5B ) and increased G2 phase cell numbers (P = 0.011; Fig. 5B ). Compared with the control group, overexpression of SLC7A7 promoted G1 phase cell numbers (P = 0.029; Fig. 5D ) and decreased G2 phase cell numbers (P = 0.008; Fig. 5D ). No significant difference was found in S cell numbers.
Effects of SLC7A7 on Jurkat cell migration and invasion
Cell migration and invasion assays confirmed that the migration ability of Jurkat cells was inhibited by transfection with the Lv-shSLC7A7 vector (P < 0.001; Fig. 6B ). In addition, the cell invasion ability of Jurkat cells was also inhibited by transfection with the Lv-shSLC7A7 vector (P < 0.001; Fig. 6B ). In contrast, transfection with the Lv-SLC7A7 vector significantly increased cell migration (P < 0.001; Fig. 6D ) and invasion (P < 0.001; Fig. 6D ).
Arginine content in the supernatant of transfected cells
The content of arginine in the supernatant of transfected cells was measured using a human arginine ELISA kit. We found that the supernatant content of arginine was increased in cells transfected with SLC7A7 overexpression vectors (P = 0.039; Fig. 7) ; the results were the opposite in SLC7A7-silenced cells (P = 0.035).
Discussion
The proteins encoded by SLC7A7 are involved in formation of the cationic amino acid transport complex, which regulates the internal and external transport of amino acids. This system transports cationic 
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Cellular Physiology and Biochemistry amino acids such as arginine and lysine out of the cell while allowing a large neutral amino acid and a Na + ion to enter the cell. Amino acids are essential to cell signaling pathways. For example, one of the cationic amino acids, arginine, is critical for T-cell activation and function in the immune response. L-arginine is a nonessential amino acid that plays a central role in regulating the immune response [19] . In the absence of L-arginine, T cells cannot be efficiently activated, proliferate, or produce cytokines [20] . Lower extracellular arginine in the microenvironment results in stagnation of T lymphocytes during the G0-G1 phase and leads to low T lymphocyte reactivity [21, 22] .
The pathogenesis and drug resistance of tumors are both associated with the abnormal expression of genes of the SLC superfamily, such as in liver cancer, colorectal cancer, and ovarian cancer [23] [24] [25] . Amino acid transporter proteins such as LAT1 affect the differentiation of T cells by regulating the activity of mTOR [22] , and it has thus been used as a diagnostic and treatment target in prostate cancer [26] . Gene expression of SLC25A38, another member of the SLC superfamily, is significantly higher in ALL cell lines [27] and it may be a new biomarker for ALL diagnosis and treatment. SLC7A7 may also affect ALL cell function by regulating arginine transport. However, few studies have focused on the role of SLC7A7 in the development of ALL.
Our study found that SLC7A7 is overexpressed in patients with T-cell ALL versus controls. Data from another study also confirmed that SLC7A7 was upregulated at both mRNA and protein levels and that its overexpression was associated with poor prognosis in glioblastoma patients [28] . SLC7A7, involved in regulating amino acid transport, is closely linked to a variety of diseases [14] [15] [16] [17] . A study focusing on ovarian cancers found that SLC7A7 may alter the influx/efflux of drugs from cells and thus modulate the chemotherapy response [16] . However, few studies have focused on the association between SLC7A7 and acute lymphocytic leukemia. In this study, we observed that SLC7A7 overexpression decreased the apoptosis rate, increased the proportion of cells in the G1 phase, decreased the proportion of G2 cells, and significantly increased cell migration and invasion.
As for the proliferative ability of Jurkat cells exposed to different treatments, we observed no clear changes among cells transfected with Lv-shSLC7A7 or Lv-SLC7A7 and their respective control groups after 3 days. Unlike normal cells and tissues, various tumor cells have long been known to be auxotrophic for arginine. At the same time, tumor cells will restore the auxotrophy by synthesizing arginine from alternative intermediates such as citrulline. In addition, supplementation of the medium with a plentiful supply of arginine generally overcomes this lack of arginine. The effect of arginine on different tumors varies due to the different types of tumor cells involved [29] . In our study, depletion of arginine did not significantly alter the proliferative ability of Jurkat cells. Knockdown of the SLC7A7 gene increased the apoptosis rate of Jurkat cells. The possible signaling pathway is as follows: depletion of SLC7A7 disables transport systems that transport cationic amino acids out of the cell, increasing the amount of intracellular cationic amino acids, which can activate mTOR and contribute to apoptosis [30, 31] . mTOR activation initiates the mitochondrial pathway of apoptosis and leads to phosphorylation of its downstream effector 4E-BP. Phosphorylated 4E-BP cannot bind eIF4E, leaving this translation factor free to upregulate the expression of proapoptotic proteins such as Bax [32] . It is possible that increased intracellular arginine would activate mTOR and induce apoptosis in SLC7A7 knockdown Jurkat cells. Our results also showed that knockdown of SLC7A7 gene expression can increase total mTOR protein levels ( Fig. 8) and that overexpression of the SLC7A7 gene transports arginine out of the cell. Arginine starvation can result in G1 phase cell arrest [21, 22] . Cells arrest at cell cycle 
Cellular Physiology and Biochemistry checkpoints for many reasons, such as to repair cellular damage or due to the availability of essential growth factors, hormones, or nutrients [33] . The G1/S checkpoint is responsible for resistance of tumor cells to chemotherapeutic agents or irradiation [34] . The CXCL12/CXCR4 signaling axis plays an important role in cancer cell migration and progression. L-arginine can decrease CXCR4 and CXCL12 mRNA levels in the cell to decrease cell migration and invasion [35] . This explains the decrease in cell migration and invasion after knockdown of SLC7A7 gene expression.
In addition, overexpression of the SLC7A7 gene leads to transport of arginine out of the cell and, in published studies, depletion of arginine resulted in G1 phase cell arrest [21, 22] and decreased cell proliferation. However, arginine has different effects on the proliferative ability of different tumor cells [29] and arginine depletion would increase cell migration and invasion ability [35] and decrease apoptosis [30] . In our research, the proliferative ability of Jurkat cells did not change but the proportion of G1 phase cells and migration and invasion ability increased and apoptosis decreased in SLC7A7-overexpressing cells. We also found that the expression of SLC7A7 was increased in T-ALL samples compared with controls. Additionally, we measured the supernatant content of arginine in transfected cells. We found that the supernatant content of arginine was increased in cells transfected with SLC7A7 overexpression vectors, with the opposite results seen in SLC7A7-silenced cells. Thus, we deduced that SLC7A7 affects cell functions by regulating the transport of arginine and that SLC7A7 is likely to facilitate the development of T-cell ALL. Although our study has found a relationship between SLC7A7 and Jurkat cells, the role of arginine in regulating cell function remains unknown and it is still unclear whether arginine is the link between SLC7A7 and cell function. More research on the role of arginine is required, which will open new avenues to explore the relationship among diseases, amino acids, and the amino acid transport system.
